Background: The completion of the Plasmodium falciparum genome represents a milestone in malaria research. The genome sequence allows for the development of genome-wide approaches such as microarray and proteomics that will greatly facilitate our understanding of the parasite biology and accelerate new drug and vaccine development. Designing and application of these genome-wide assays, however, requires accurate information on gene prediction and genome annotation. Unfortunately, the genes in the parasite genome databases were mostly identified using computer software that could make some erroneous predictions.
Background
Malaria parasites infect and kill millions of people in the tropics each year [1, 2] . Efforts to develop vaccines have so far failed to produce any effective vaccine. Additionally, drug-resistant parasites are spreading quickly, particularly parasites resistant to chloroquine, leading to a recent resurgence of malaria in many developing countries [3, 4] .
To facilitate our understanding of parasite molecular biology and development of drugs and vaccines, the genome of the malignant human malaria parasite Plasmodium falciparum was sequenced and published in 2002 [5] . The genome sequence provides a basis for various genomewide approaches such as microarray and proteomic analyses [6] [7] [8] [9] . Unfortunately, the majority of the genes in the P. falciparum genome were predicted using computer software, with ~60% of the predicted genes encoding hypothetical proteins [5] . Although software 'trained' with well characterized genes and improved strategies have provided relatively accurate gene prediction [10, 11] , the accuracy of gene prediction of this organism is unknown. It is therefore necessary to verify the predictions with complementary DNA (cDNA) sequences, particularly for eukaryotic organisms that have introns in their genes. Indeed, full-length cDNA clones from many species from Drosophila to human have been collected and characterized [12] [13] [14] [15] [16] , providing important information for verification of genes in a genome and for studying gene functions. Recently, when a high-density array was used to survey transcribed exons, up to 30% of the detected transcripts were found to be unannotatd even in the well characterized Drosophila genome [17] .
P. falciparum has a unique genome with a very high AT content (~82% of AT) [5] that presents various difficulties for studying gene structure and gene function. The extremely high AT content in non-coding regions (up to 99%) is often an obstacle to obtaining sequences from introns, 5' and 3' untranscribed regions (UTR), and intergene sequences. P. falciparum DNA is often unstable in bacteria, making it almost impossible to obtain full cDNA clones from genes larger than 5 kb for expression or other analyses. Approximately 50% of the genes in the P. falciparum genome were predicted to have introns flanked by the conserved eukaryotic GT-AG intron-exon splice sites [18, 19] . The parasite genome also has many large open reading frames (ORF) that likely encode large transcripts; however, introns imbedded in the ORF cannot be ruled out [20] . The elements regulating gene expression such as promoters and polyA recognition sites seen in other eukaryotic cells may not function properly in this parasite due to the high AT content in noncoding regions [21] .
Expressed sequence tags (EST) from malaria parasites, particularly P. falciparum, have been obtained previously [19, [22] [23] [24] [25] [26] [27] . The first survey of P. falciparum EST produced 389 tags from 550 random cDNA clones [22] ; and the number of EST was later increased to ~2,500 [23] . More recently, 2490 single random sequences were obtained from a library enriched for full-length cDNA [19] , which were updated to 11424 sequences covering 1357 predicted genes [27] . cDNA sequences from the full-length cDNA clones (mostly sequences from 5' UTR) identified new genes and multiple transcript initiation sites in some genes, but it appeared that no efforts were made to obtain complete cDNA sequences from full-length cDNA clones. In this report, we constructed various cDNA libraries from mixed blood stages, including three cDNA libraries with different sized inserts enriched for full-length transcripts and sublibraries that contain smaller clones after digestion of the initial inserts with restriction enzymes. We also used synthetic oligonucleotides to extend sequences deep into coding regions. We obtained a total of 17332 clean EST. Comparison of our EST, the EST in public databases, the predicted coding sequences (CDS), and genomic DNA sequences identified 393 genes that may be incorrectly predicted.
Results and Discussion
cDNA libraries and DNA sequencing Collection of EST from P. falciparum has been reported previously, and searches of public databases found 21305 P. falciparum EST in PlasmoDB [28, 29] and GenBank, contributed by various research groups [19, 23, 27] (Washington University, unpublished). The majority of EST collected previously were short sequences from single sequencing reads. To obtain longer cDNA sequences, we used two different approaches-primer-walking and construction of sublibraries of restriction enzyme-digested DNA clones-to extend sequence reads into the cloned DNA. Three different libraries, each with three sublibraries of different insert sizes, were constructed using polymerase chain reaction (PCR) products after 11 cycles of amplification (Additional file 1A and 1B). The first library contained cDNA clones directly from 5'-enriched cDNA inserts, which were divided into groups of large (> 3 kb), medium (1-3 kb), and small (< 1 kb) insert sizes (Additional file 1B). Unfortunately, we were not able to obtain sequences from either 5' or 3' ends of many clones from this library, probably due to polyA or polyT sequences in non-coding regions, suggesting that these clones may contain full coding sequences. We then constructed sublibraries with DNA inserts digested with restriction enzymes BamHI or Sau3A before cloning into the vector (Additional file 1A).
Sequence trimming and contig assembly
A total of 28416 sequence runs-including 10656 from 'full-length' libraries, 10368 from BamHI-restricted libraries, 7392 from Sau3A-digested libraries, and 4,800 runs from primer walking-were performed. From the sequence runs, we obtained 17332 EST 100 base pairs (bp) or longer [GenBank EL492722-EL510074] after trimming and vector sequence cleaning (see Methods). Because of difficulty in obtaining sequences from AT-rich sequences in non-coding regions and sequences with polyA tails, most of the sequences were from digested libraries or from the 5' ends of the undigested libraries. The trimmed EST from our libraries were assembled into 2548 contigs and 2671 singletons with an average size of 473.4 bp and an average qual value of 64.7. When our EST were assembled with EST in public databases, we obtained 5220 contigs and 5910 singletons with an average size of 520 bp.
Genome-wide cDNA coverage
To determine patterns of genome-wide gene expression and locations of EST on chromosomes, we assembled our EST and the public EST with 5485 predicted CDS in PlasmoDB (version 5.2) and displayed them on the physical chromosomes (Figure 1 ). When assembled using CAP3 [30] (21 bp overlap and 85% identity), 3857 CDS were assembled with EST contigs. When the sequences were aligned using Blast and methods described previously [31] , 3792 CDS were identified by the same EST with cutoff values of at least 100-bp long and 95% identity. The two methods produced almost identical numbers of hits on predicted CDS. This percentage of genes (~70% of total predicted genes) with EST coverage is a little higher than those detected using a 70mer oligonucleotide array (~60%) [6] . Among those EST matching CDS, approximately 42% (or ~1700 genes) were matched by EST from both our collection and those in public databases. Alignment of cDNA to predicted genes on physical chromosomes allowed us to identify chromosomal regions that are transcriptionally active or silent. Our results show that genes located at telomere or subtelomere regions of many chromosomes (for example, genes at ends of chromosomes 7 and 10) do not have matching cDNA or are largely silent (Figure 1) . The chromosome ends of P. falciparum are highly variable, consisting of many multigene families such as rifin, stevor, and var [5] . Although the functions of the proteins encoded by rifin and stevor are still uncertain, the var gene family has been shown to encode variant proteins (PfEMP1) that can mediate parasite adhesion to receptors on host endothelial cells [32] [33] [34] . Different observations on the expression of the genes at chromosomal ends have been reported using microarray hybridization, with one reporting silent chromosome ends [6] and another suggesting expression of genes from chromosome ends [7] . Because microarray is based on probe-target hybridization, cross hybridization among probes from members of gene families could produce false-positive signals under some hybridization conditions. Our data are consistent with results showing that RNA transcripts from only a small subset of these genes could be detected in intraerythrocytic stages [6] . Additionally, there are regions in the middle of the chromosomes with genes that do not have cDNA coverage (Figure 1 ).
Full-length cDNA sequences and discovery of new introns
One of our goals was to collect complete cDNA clones and sequences from the P. falciparum genome. Unfortunately, we encountered difficulties in sequencing highly AT-rich regions, mostly 5' and 3' UTR, and obtained only 199 contigs that cover the entire ORF of 87 predicted genes, with predicted ORF sizes ranging from 126 to 2709 bp (Additional file 2). Among the 87 genes, 21 (~24%) were predicted incorrectly (or mismatched), with 18 genes having 23 additional introns and 3 genes with cDNA sequences running into predicted introns. Of the 23 new introns, 21 were found 5' of the predicted ATG, suggesting either additional exons or introns in the predicted non-coding regions. Assembly of our EST and those in public databases increased the number of genes 'fully' covered by EST to 356, with 85 (~24%) genes having mismatched introns (Table 1 ; Additional file 2). If we assume an error rate of gene prediction for the whole genome similar to that seen in the 356 fully covered genes, we would expect 1316 genes (24% of 5485 genes) being predicted erroneously. This is quite a large number of predicted genes that may have to be re-annotated, which argues for efforts to experimentally annotate the genome using full-length cDNA sequences.
Approximately half of the P. falciparum genes (53.9%) were predicted to contain introns [5] . Our data suggest that the percentage of genes with introns will be higher than the predicted 54%. Among the 21 genes found to have new introns in cDNA, 10 were predicted to have no introns, and one gene predicted to have only one intron actually had none. This represents a net gain of 9 genes with introns among the 87 genes (or ~10%). Among the 85 genes with mismatched introns from the 356 genes with full coverage of predicted coding sequences, 21 genes gained introns (~5.9%), Based on these data, we can predict that about 60% to 65% of the genes in the P. falciparum will have one or more introns. Of interest, the majority (> 90%) of the new introns were found at 5' and 3' UTR or within 100 bp from a predicted ATG or stop codon, suggesting additional exons or changes of start or stop codons. It is also possible that the proposed genome sequence contains insertion/deletion errors causing apparent frameshift. Automatic prediction algorithms would then have to find an intron/exon border adding one spurious intron.
Alignment of our cDNA contigs with predicted CDS also identified 78 genes, although not fully covered by our cDNA sequences, with 88 introns either missed by computer prediction or predicted incorrectly (Additional file 3). Among them, 26 genes have 38 introns missed by computer prediction; 25 genes have falsely predicted introns (i.e., they do not exist); 22 genes have 25 introns larger than predicted; and 11 genes have 13 introns smaller than predicted. There are also three predicted genes (PFA0175w, PFB0610c, and PFL2160c) that have cDNA sequences extending into their neighboring genes (PFA0180w, PFB0605w, and PFL2155w, respectively). These predicted gene pairs are 200 bp or less apart on the chromosomes. It is likely that the 3' UTR of the genes will be longer than 200 bp, particularly for gene pairs PFB0610c/PFB0605w and PFL2160c/PFL2155w with ORF in opposite orientations. Similarly, assembly of our and public EST with predicted CDS and genomic DNA increased the number of genes having incorrectly predicted introns to 305, with 152 new introns found and 182 introns having sizes different from those predicted ( Table 2 ; Additional file 3). These genes will require further experimental verification with complete cDNA sequences.
Confirmation of conserved GT-AG intron splicing sites and alternatively spliced introns
All the introns confirmed by our cDNA sequences have typical eukaryotic GT-AG splicing sites except a few genes that have potential 'introns' lacking GT-AG. These atypical 'introns' could be due to deletion during cloning in bacteria. For example, a 497 bp gap was found at 32 bp 5' of the ATG in gene MAL13P1.130, but no GT-AG sites were found in the gap. Gaps without GT-AG sites can be due to either deletion during cloning in bacteria or sequencing errors, although it cannot be ruled out that some introns may not have the conserved GT-AG sites. To investigate this possibility, we designed PCR primers flanking the 497-bp gap in MAL13P1.130 and confirmed the absence of the 497 bp gap (Table 3 and data not shown). Similarly, gene PFL0290w has a gap of 287 bp without GT-AG sites within the predicted ORF; we could not confirm the gap, either. It is clear that gaps without GT-AG sites are unlikely to be true introns. This observation also shows that sequences, including coding regions with relatively high GC content, can be deleted during cloning in bacteria.
Alternative splicing has been well documented in many organisms [35, 36] including malaria parasites [37] [38] [39] . We noticed that many predicted introns were covered with EST contigs that may or may not have the predicted introns, suggesting potential alternatively spliced introns (Table 3 ; Additional files 2 and 3), in addition to some cDNA that showed introns of different sizes; however, we could not rule out that those cDNA contigs without introns were from contaminated genomic DNA sequences. To verify these introns, we synthesized primers to amplify some alternatively spliced introns suggested by the cDNA sequences ( Table 3 ). The majority of these introns (except four that have different intron sizes) were either present or absent in sequence alignments, e.g., contigs with some sequences running into the predicted introns. Results from PCR confirmed 29 alternatively spliced introns out of 42 genes tested, including genes with more than two forms of transcripts ( Figure 2 ; Table  3 ). 
Antisense transcripts
Antisense transcripts are present in the cDNA collections. Because of our cDNA cloning strategies (digestion with restriction enzymes), the orientation of our cDNA clones was not preserved; however, there were transcripts with introns that had conserved GT-AG intron splice sites in the orientation opposite to the predicted genes (Table 2 ; Additional file 3). These transcripts matched the genomic DNA sequences but with introns having the conserved GT-AG sites in the opposite direction, suggesting antisense transcripts. Of interest, DNA sequence encoding gene PFL1420w (predicted as human macrophage migration inhibitory factor homolog) was matched by two cDNA contigs, one in sense and the other in antisense orientation. The sense sequence had an intron that matches the predicted intron with conserved GT-AG splicing sites. The antisense contig also had an intron with conserved GT-AG sites, but was 121 bp smaller than the predicted sense intron (Figure 3) . Translation of the antisense sequence produced a polypeptide with 84 amino acids that had good homology with N-terminal sequence of myosin IXA protein, which could represent a new gene. The presence of these antisense cDNA is consistent with previous reports of antisense transcripts in the parasite [40, 41] , but the functions of the these transcripts are largely unknown.
Functional classification
The EST contigs matching CDS predictions were grouped as functional categories according to GO molecular functions. As expected, the majority of the genes with functional assignments were housekeeping genes ( Figure 4 ; Additional file 4). Almost all genes with functional assignment among the 356 genes fully covered with EST (likely representing genes relatively small and highly transcribed) were housekeeping genes encoding proteins related to transcription, translation, and other basic cell functions such as ribosomal proteins (41), histone proteins (7), or proteasome proteins (7) (Additional file 2). Based on this observation, we can predict that the majority of the 171 hypothetical genes in Additional file 2 are likely housekeeping genes.
Potential new genes
There were also contigs and EST sequences that match neither the nuclear genome nor the mitochondrial and plastid genomes (Additional file 4). Some of these sequences might be parasite DNA sequences that were not represented in the finished P. falciparum genome. Similarly, there were sequences that match genomic DNA but not the predicted CDS. These sequences could represent new genes or non-coding sequences of intergenic/intron/UTR that require further investigation. For sequence informa-PCR products confirming alternatively spliced introns Figure 2 PCR products confirming alternatively spliced introns. Oligonucleotide primers flanking selected predicted introns that might be alternatively spliced were amplified from genomic DNA (G lanes), reverse-transcribed mRNA of mixed asexual stages (C lanes), and mRNA controls of mixed asexual stages (without reverse transcriptase, R lanes). Genes with alternatively spliced introns are as marked; M, 100 bp DNA ladder. Note that more than two bands were amplified from PFE1540w, PF13_0220, and PF13_0224.
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100 600 bp 300 PFB0177c PFB0260w PFE1540w PF13_0220 PF13_0224 MAL13P1.80 There are also many predicted ORF larger than 5 kb in the P. falciparum genome. The sizes of these large ORF/genes are probably off the limit of cloning stability in bacteria and in vitro extension capability of reverse transcriptase. In addition, high AT content in the DNA is an obstacle for obtaining good-quality DNA sequences from PCR products. More efforts with new strategies will be required for obtaining full cDNA sequences for the large genes.
Conclusion
Although our EST data are still limited, this work obtained 17332 high-quality cDNA sequences that almost double the current EST collection in public databases. Our effort to extend sequences into cDNA clones allows us to assemble some relatively long cDNA sequences and to correct some erroneously predicted introns. Our data suggest that considerably large numbers of genes in this parasite genome may have incorrect intron/exon predictions, arguing for more efforts to collect complete cDNA sequences and reannotate the genome with cDNA sequences. This study also confirms the conserved eukaryotic intron splice site (GT-AG) at the parasite introns, shows the presence of relatively large numbers of alternatively spliced and antisense transcripts, and reveals silence loci at subtelomeric regions of many chromosomes. The cDNA sequences presented here will provide useful Ch, chromosome; Gen, expected sizes in base pair from genomic DNA; Spl, expected sizes in base pair if introns are spliced out. PFL0020w has a cDNA with 78 bp intron having GT-AG sites inside an ORF, but no spliced band was detected using PCR. Similarly, PFL0290w has a 287 bp gap without GT-AG sites; this gap was not confirmed. Primers for PFE1540 cover two introns, so multiple forms were expected. Indeed, three transcripts of different sizes were found in one of the introns. Diagram of exon/intron structures of predicted gene PFL1420w and cDNA contigs covering the gene 
Methods
Parasite culture and RNA extraction P. falciparum isolate 3D7 was cultured as described [43, 44] . Parasite mRNA was extracted from mixed asexual stages using the Micro-Fast Track mRNA isolation kit (Invitrogen).
Construction of cDNA libraries
PCR-based cDNA libraries were constructed using a SMART cDNA library kit (BD-Clontech) as previously described [45] . After reversed transcription using polyT primer, the cDNA were amplified for 11 cycles with primers attached to the 5' capping sequences (5'-GCAGTTGTA TCAACGCAGAGTGGCCATTACGGCCGGG-3') and 3' polyT tail. After separation of the PCR products on 1% agarose gel, DNA inserts of large (> 3 kb), medium (1-3 kb), and small (< 1 kb) sizes were eluted from the gel and cloned into Trip-lEX2 vector for trasnfection of XL1blue cells (BD-Clontech). Additional libraries with inserts digested with BamHI and Sau3A were constructed similarly (Additional file 1).
Sequencing cDNA clones
Plaques were randomly picked and transferred to a 96-well PCR plate (PGC Scientifics) containing 43 µl of SM buffer per well. Each phage sample (5 µl) was used as a template in PCR amplification of the insert using 5' primer PT2F1 (5'-AAGTACTCTAGCATTGTGAGC-3') and The primers for sequencing were PT2F3 (5'-TCTCG-GGAAGCGCGCCATTGT-3'), T719 (5'-TAATACGACT-CACTATAGGG-3'), or T320 (5'-GAAATTAACCCTCACTAA AG-3'). Sequencing cycles were as follows: denaturing at 94°C for 2 min; 25 cycles at 94°C for 20 s, 52°C for 5 s, 50°C for 5 s, and 60°C for 3 min; and a final extension at 60°C for 5 min. After cleaning with Sephadex 50 beads packed in a multiscreen 96-well cleaning plate (Millipore), the products were analyzed on an ABI3730×l automatic DNA sequencer. To extend the cDNA sequences, 4800 oligonucleotide primers were synthesized based on sequences obtained and used to extend sequences that could not be reached using primers from the vector.
DNA sequence trimming and assembly
Sequence runs were first base called and assigned quality scores using Phred [46, 47] and then trimmed using Lucy [48] to remove sequences shorter than 100 bp or with Phred quality scores lower than 20. Vector sequences and polyA/T were also removed. The trimmed sequences were assembled using CAP3 [30] with 21-bp overlap and 85% identity; the quality of the assembled sequences was inspected visually using Sequencher 4.5 (Gene Codes) and Blast [49] . For sequences having mismatches with predicted CDS (indicating potential incorrect intron/exon predictions), genomic sequences covering the whole predicted coding region plus 1 kb from 5' of start codon and 1 kb from 3' stop codon were downloaded and assembled with EST and CDS. After assembly, the intron/exon junctions were visually inspected and adjusted to ensure proper alignments, particularly for intron splice sites, as software frequently fails to align the A-Trich sequences properly. For BamHI-and Sau3A-digested libraries, some artificial clones from ligation of unrelated DNA fragments were identified and trimmed accordingly after Blast search of the mismatched sequences against the parasite genome sequence.
Functional categories of expressed genes covered by all EST Figure 4 Functional categories of expressed genes covered by all EST. A total of 3862 genes matched by EST were sorted according to GO molecular functions with P values < 0.0001 on sequence matches. The majority of the genes encode housekeeping proteins involved in DNA/RNA and protein binding, enzyme catalytic activities, transcription, translation, signal transduction, and transport activities. Locations of each cluster on the assembled chromosomes and the relationships of clusters with each computer-predicted CDS were displayed with Artemis [50] . Sequence annotation, comparison, classification, and functional annotations were performed as described [31] 
